Green rust (GR) consisting both of Fe(II) and Fe(III) was formed in an aqueous solution with a relatively low electrochemical potential. In order to understand both the reduction and oxidation reactions of copper in a GR suspension, the aqueous solution containing Green Rust 2(SO 4 2À ) (GR2(SO 4 2À )) was mixed with a copper sulfate solution and it was subsequently oxidized by passing a gas containing oxygen at room temperature. X-ray diffraction, X-ray absorption spectroscopy, and transmission electron microscopy were used for characterizing the reaction products. Copper ions were found to be reduced to metallic copper in the GR2(SO 4 2À ) suspension, while a part of GR2(SO 4 2À ) was oxidized to be transformed to -FeOOH. The pH and oxidation-reduction potential values of the aqueous solution were measured during the reactions. The importance of the reduction of Cu(II) to metallic copper occurred in the GR2(SO 4 2À ) suspension, and the oxidation processes of the suspension containing metallic copper was suggested as distinct reaction stages. These reaction stages are considered to be attributed to the different electrochemical potential of Cu(II)/Cu(0) and Fe(III)/Fe(II) in solution.
Introduction
Carbon steels and low-alloyed steels are extensively used as structural materials and their surfaces are generally covered by corrosion products during atmospheric exposure. The corrosion products were formed by oxidation and precipitation of ferrous ions dissolved from metallic iron in aqueous solution by electrochemical reactions on the steel surface. 1, 2) The corrosion products of iron are composed of several components, such as goethite (-FeOOH), akaganeite (-FeOOH), lepidocrocite (-FeOOH), and magnetite (Fe 3 O 4 ). The iron oxyhydroxides and oxides exhibit the different structures and morphologies, which are affected by the incorporation of foreign cations and anions from environment. The species and morphologies of different iron oxyhydroxides and oxides in the corrosion products are likely to have an influence on the corrosion rate of steel. For example, it is considered that copper, chromium and nickel in weathering steels modify the morphology of the corrosion products so as to reduce the corrosion rate of the weathering steels. [3] [4] [5] However, roles of alloying elements in the formation of iron corrosion products are not certainly identified, although a chemical character of iron is different from that of an alloying element.
The iron corrosion products are considered to be formed through green rust (GR) consisting Fe(II) and Fe(III) ions, and GR has been observed in the layer between the upper layer of the corrosion products and the metallic iron substrate. 6, 7) Since GR is stable in an aqueous solution of relatively low potential, it is transformed into the iron oxyhydroxides and oxides through the dissolution and precipitation of Fe(II) and Fe(III) ions in an aqueous solution by oxygen gas in air. [8] [9] [10] [11] [12] [13] Therefore, it is important to elucidate the influence of the addition of an alloying element on the transformation of the iron oxyhydroxides and oxides from the GR in an aqueous solution, in order to understand a role of the element on the transformation of the corrosion products. We have succeeded at synthesizing GR2(SO 4 2À ) by using chemical method and characterize the transformation process of GR2(SO 4 2À ) into the iron oxyhydroxides and oxides by aerial oxidation. [10] [11] [12] [13] The results show that the transformation of GR2(SO 4 2À ) into the iron oxyhydroxides and oxides is sensitive to oxidation conditions such as reaction temperature, oxidation rate and existence of foreign elements.
In this study, we investigate the effect of the addition of copper sulfate ions to the GR suspension, since copper is one of the important alloying elements in the weathering steel. [3] [4] [5] Copper is considered to affect the reaction products of the corrosion products formed on the surface of weathering-steels together with nickel.
14) The structure of GR is composed of alternate positively charged hydroxide sheets and negatively charged interlayer composed of anions and water molecules. In general, GR is classified into green rust one (GR1) and green rust two (GR2), whose structures depend on the negatively charged interlayers and water molecules.
8) The iron hydroxysulfate GR (GR2(SO 4 2À )) has been frequently observed.
The objective of this work is to characterize the role of the chemical state of copper in the GR2(SO 4 2À ) suspension added with copper sulfate ions using XANES. The chemical state of copper in the iron oxyhydroxides and oxides transformed from GR2(SO 4 2À ) by oxygen gas was also examined and the results were analyzed, then they were compared with the oxidation-reduction and pH values of the aqueous solution. Reactions in the GR2(SO 4 2À ) suspension was studied using a reaction vessel which was specially designed. This vessel consists of a 500 mL glass beaker and an airtight acrylic lid with holes for pH and Pt electrodes, gas inlet/ outlet ports, a stirrer port, and a sampling port. A copper sulfate (CuSO 4 ) solution was added to the GR suspension. The suspensions containing 2.5, 5.0 and 10 mol% copper ions to the total amount of iron ions (Fe(II) + [Fe(III)]) were prepared, which are hereafter referred to as GR-2.5Cu, GR-5Cu, GR-10Cu, respectively.
In oxidation experiments of GR, the GR suspensions were reacted with oxygen in a water bath kept at 25 C. The GR suspensions were oxidized for over 6 h by passing nitrogen gas containing 2.5 mol% oxygen at a flow rate of 200 mL min À1 . The suspensions were sampled at given reaction time. Then, Ar gas was injected into the suspensions in order to interrupt the oxidation reaction. The oxidized solid particles were separated from the suspensions using centrifugation. The fully oxidized particles were prepared by freeze-drying after oxidation over 400 min.
Measurements
Components of the solid particles were identified by X-ray diffraction (XRD) measurements, which were performed with a Mo K radiation of 17.447 keV (50 kV, 30 mA) using Rigaku RINT-2200. Measurements of the X-ray absorption near-edge structure (XANES) at the Cu K absorption edge were performed for characterizing the chemical state of the copper in the solid particles. The XANES measurements of GR were carried out using the high brilliant synchrotron radiation in BL1B1 of SPring-8 at the Japan Synchrotron Radiation Research Institute, Hyogo, Japan. 15) Because of limitation of the beam time, the XANES measurements of the other samples were performed using an in-house X-ray absorption spectrometer (Rigaku R-XAS Looper) with a Ge(220) Johansson-type monochromator, by measuring the copper fluorescence X-rays. The backgrounds of the XANES spectra were subtracted using the Rigaku REX2000. An Al filter was used for reducing a background of the Fe fluorescence X-ray in the measurement of the fully oxidized samples containing a small amount of copper, because the Cu K absorption edge XANES spectra are strongly influenced by the Fe K fluorescence X-ray emission. The morphologies of the solid particles were observed by a transmission electron microscope (TEM, JEOL JEM-1200 EX II). The TOA DKK IM-55G ion meter was used for monitoring the pH and ORP of the GR suspensions as a function of the reaction time.
Results and Discussion
3.1 Changes in the structure and morphology of particles by the oxidation Figure 1 shows the XRD patterns of GR, GR-2.5Cu, GR-5Cu and GR-10Cu, together with the JCPDS data for GR2(SO 4 2À ) as a reference sample. These samples were extracted from the suspensions added with the copper sulfate solution just before oxidation by oxygen gas. The diffraction peaks of the samples are assigned mostly to GR2(SO 4 2À ). The diffraction peak appearing at approximately 9 detected in the XRD patterns is assigned to a main peak of -FeOOH. This XRD peak intensity is very low in GR, which suggests that -FeOOH may be formed owing to unintentional oxidation of GR during sample preparation. The intensity of the peak assigned to -FeOOH was increased with increasing amount of the copper sulfate. GR is composed of Fe(II) and Fe(III), while -FeOOH consists of Fe(III). Thus, results indicate that the oxidation of GR, that is the transformation from a part of GR to -FeOOH, occurred by the addition of copper sulfate solution.
The above results suggest that the chemical state of copper ions was changed in the GR suspension, and therefore the XANES spectra for Cu for GR added with copper sulfate ions were measured. Figure 2 shows the XANES spectra taken at the Cu K absorption edge for the particles obtained from the GR-5Cu together with a reference metallic copper foil. Since the Cu-K XANES spectrum of GR-5Cu is almost the same as that of metallic copper, copper in GR-5Cu is likely to be reduced to zerocharge copper. This reduction of copper ions must arise from the low oxygen-reduction potential of the GR suspension, which induces the reduction of Cu(II) in solution to metallic Cu(0). Thus, the following reactions were considered to occur in the GR suspension: 
The present results of XRD patters and XANES spectra at the Cu K absorption edge explain the occurrence of these reactions.
3.2 Structural and morphological changes of GR containing metallic copper by oxidation The GR suspensions containing metallic copper in the above experiments were oxidized under a partial pressure of oxygen, and the fully oxidized particles were characterized. Figure 3 shows the XRD patterns of the freeze-dried particles obtained from the oxidized GR, GR-2.5Cu, GR-5Cu and GR-10Cu. The particles were oxidized by nitrogen gas containing 2.5 vol% oxygen at 25 C over 400 min. The reference lines for Fe 3 O 4 and -FeOOH obtained from the JCPDS data are also shown in Fig. 3 . The diffraction peaks of these samples show that the particles consisted mainly of -FeOOH. Small diffraction peaks located at approximately 13 and 17 , which are assigned to Fe 3 O 4 , were also detected. Since the intensities of these peaks decrease with increasing amount of the copper sulfate ions, copper in the GR suspension reduces the formation of Fe 3 O 4 and the nucleation and growth of -FeOOH transformed from the GR suspension may be influenced by copper.
XANES measurements at the Cu K absorption edge of the particles were performed for analyzing changes of the chemical state of copper in the oxidized GR suspension. Figure 4 shows the XANES spectra at the Cu K absorption edge of the particles obtained from oxidized GR-5Cu together with the reference Cu foil, and CuO and Cu 2 O particles. Since these samples were measured using an in-house X-ray absorption spectrometer, the quality of these spectra is not sufficiently reserved in comparison to those of Fig. 4 . Nevertheless, the results clearly show that copper in the oxidized GR suspension is not metallic but oxidized again, as the Cu K absorption near-edge structure of the particles obtained from oxidized GR-5Cu is different from that of Cu foil. This suggests that Cu(0) in the GR suspension was easily oxidized to copper oxide even at room temperature.
The transmission electron micrographs of the oxidized GR, GR-2.5Cu, GR-5Cu and GR-10Cu are shown in Figs. 5. The shapes of -FeOOH and the Fe 3 O 4 particles are spindlelike and spherical, respectively. These results are consistent with the results obtained by X-ray diffraction as shown in Fig. 3 . As the shape of the -FeOOH particles obtained from GR appear to be independent of the addition of copper, copper does not seem to affect the morphology of -FeOOH obtained from GR. Compared to the shape of particles obtained from GR with nickel ions, 13) the shape of particles obtained from GR with nickel ions are evidently different. These results indicate that the morphologies of the iron hydroxides are changed by the species of foreign elements. Furthermore, the peculiar small particles were observed in the samples obtained from GR with copper, as shown in Fig. 5(d particles. These particles are likely to be copper oxide particles transformed from metallic copper during the oxidation of GR, although they were not identified yet.
3.3 Changes in aqueous solutions during oxidation of GR Values of ORP and pH of the solution in the GR suspensions are plotted as a function of oxidation time, as shown in Figs. 6(a) and (b) , respectively. By the addition of the copper sulfate solution, ORP were increased and pH decreased. In general, the ORP value increases and the pH value decreases with the oxidation of GR since the ferrous ions are oxidized to ferric ions and protons are formed during the oxidation. Thus, the increase and decrease in the ORP and pH values were attributed to the oxidation of GR by the addition of the copper sulfate suspension in eqs. (1) and (2). With oxidation of the suspension, the ORP values drastically increased and the pH values decreased for about 10 min. Then, these values changed with oxidation time of the GR suspension. The oxidation rate of the GR suspension was fast in samples containing copper. Such tendency was also observed in the case of GR added with nickel sulfate ions. 13) The increase of the oxidation rate of the GR suspension by copper may be caused by excess sulfate ions in copper sulfate, which may induce the dissolution of GR.
16) It should be noted in Figs. 6 that characteristic stages as denoted by (a-a) and (b-a) appeared in the ORP and pH curves, respectively. These stages are not clear in the changes in the ORP and pH values in the GR suspension with 10 mol% copper. According to results obtained in previous works, 11, 13) these stages are considered to be corresponding to the formation of two different reaction products like -FeOOH and Fe 3 O 4 in the GR suspensions. Characteristic changes in the ORP values were observed in the stage (a-b) in the GR suspensions with copper. Then, the final stages denoted by (a-c) and (b-b), where the ORP and pH values further increase and decrease, were observed in the GR suspension containing copper. These characteristic changes in ORP and pH values may be attributed to the oxidation of copper in the GR suspension.
In order to understand the mechanisms of the present results on the reduction of copper ions in the GR suspension and the oxidation of the suspension with metallic copper, these reactions should be discussed using electrochemical potentials for iron and copper in an aqueous solution. Figure 7 shows a potential vs. pH diagrams for an Fe-O-H system in which data for a Cu-O-H systems were superimposed. [17] [18] [19] [20] Although the GR in this work contains sulfate ions, the present reactions can be qualitatively interpreted with the diagram. The potential is almost the same as the ORP value in this case. As copper is a noble element, the reactions between Cu(II)/Cu(I)/C(0) take place in the high potential region. On the other hand, GR is formed in a low potential between -FeOOH and metallic Fe, although Fe 3 O 4 is not shown explicitly in this diagram. Thus, the reduction of a small amount of copper ions can be reduced in the GR suspension. Furthermore, as the potential of the aqueous solution is increased by oxidation, GR is oxidized toFeOOH and metallic copper is oxidized in aqueous solution with a higher potential. This is the reason why proper stages appeared in the ORP and pH curves, as shown in Fig. 6 . Thus, GR was not well recognized in previous works on iron corrosion, since it was difficult to control synthesis conditions of GR. However, the present results clearly show GR containing ferrous ions is important chemical species for controlling the chemical species of resultant iron oxyhydroxides and oxides in aqueous solution. In addition, it was proved that the chemical state analysis using XANES measurements coupled with ORP and pH measurements of the solution is effective to characterize the reduction and oxidation of elements in aqueous solution.
Conclusions
In order to study the reduction and oxidation of copper ions in the green rust suspension with a relatively low potential, the reaction products were characterized by using X-ray diffraction, X-ray absorption spectroscopy and transmission electron microscopy. Changes in the oxidationreduction potential and pH values of the solution of the suspensions by oxidation were monitored. The results indicated that copper ions were reduced to metallic copper in the GR suspension, while a part of GR was oxidized to be transformed to -FeOOH. The oxidation of Fe(II) to Fe(III) and the reduction of Cu(II) to Cu(0) are considered to occur since the electrochemical potential of the GR suspension was relatively low. Then, the reduced metallic copper Cu(0) was transformed to copper oxides after most of GR was oxidized to -FeOOH by a low partial pressure of oxygen. The data obtained by ORP and pH measurements of the solution showed that characteristic stages appeared during the oxidation of the GR suspension containing copper. These results were consistent with those obtained by analyses of solid particles. Therefore, chemical reactions of the GR suspension are likely to be influenced by the electrochemical characteristics of foreign elements in an aqueous solution.
The present work has revealed that oxidation and reduction experiments using the green rust are useful to study the transformation of different iron oxides together with copper ions in aqueous solution. As the green rust is formed between an upper layer of corrosion products and a metallic iron substrate, the green rust is likely to be transformed to different iron oxides by electrochemical conditions. The present results have shown that copper is reduced and oxidized with the transformation of the iron oxides in aqueous solution. Thus, these experiments are effective to clarify roles of different anions and cations during the transformation of iron oxides or the formation process of corrosion products of steel. Àn . E h vs. pH diagram for copper is superimposed.
